Travel time is an important variable that influences the hydrologic response of watersheds.
INTRODUCTION
Most watershed rainfall-runoff models, directly or indirectly, require some sort of parameters describing the response time of the watershed. Time of concentration, lag time and time to equilibrium are the most common response time parameters used in hydrologic models. For example, the design of urban drainage systems using rational formulas requires an estimate of the time of concentration to determine the critical rainfall intensity (Ben-Zvi ). Snyder, Clark and SCS (Soil Conservation Service) unit hydrograph methods all require an estimate of the watershed response time. The Muskingum flood routing method also makes use of the travel time in river reaches. Meynink () showed that varying the time of concentration from one half to twice the initial value, respectively, changed the peak discharge by 1.64 to 0.48 times that corresponding to the initial value for a typical 5 km 2 watershed on the Darling Downs in Australia. Since the value of design flood is often in reverse proportion to the response time, a more efficient design relies on a better estimate of the time of concentration.
There are several relationships in the literature for estimating the response time based on the kinematic wave (KW) theory. Ever since Woolhiser & Liggett () showed that KW equations can be applied to most overland flow situations, there has been a growing interest in using the KW equations to derive travel time formulas. One of the greatest strengths of this approach is the feasibility of obtaining physically based formulas without the need for any experimental data (Wong ) . Further, physically based formulas are suitable for general use and the assumption involved in the formulation can be obviously stated (Akan ). In the above studies, the researchers focused on a specific geometry and formulated response time for that special case. 
where S is the bed slope, Q e is the equilibrium discharge, n is the Manning roughness coefficient, L is the flow length, and a 1 , a 2 , and γ are derived from the relations of discharge per unit width (q), the flow cross-section area (A) and the hydraulic radius (R), as expressed in Equations (2) to (5):
where m is the flow regime constant (m is usually taken to be equal to 5/3 for turbulent flow, 2 for transitional flow, and 3
=n is the friction parameter and a 1 , a 2 , b 1 , and b 2 are constants for a given cross-section. In fact,
there is no simplifying assumption in Equation (1) 
Saghafian () tested Equation (6) hillslope geometry and by normalizing x, Equation (6) may be expressed as a function of geomorphic functions such that:
where ξ ¼ x=L is the normalized distance, φ pl is the 'planform geometry function' and From Equation (7) it can be inferred that the time to equilibrium grows linearly with a shape factor that is given by:
where φ g , that we call geomorphic index hereafter, is a dimensionless parameter that accounts for both the planform geometry and profile shape of the hillslope.
Profile curvature is the topographic curvature along the steepest descent flow path. The variability of profile curvature within hillslopes and watersheds is directly related to the governing geomorphic processes. Landscapes where diffusional erosion dominates will have domed-shaped hills with flat tops and steeper slope bases, but will be convex in overall shape (Bogaart & Troch ) .
One can usually approximate a certain proportion of the topographic surface of a watershed by a continuous function. In this study, the special form of Evans () comprehensive model is applied to produce the parallel surfaces of different profile curvatures: where z is the elevation (m), x is the horizontal distance measured in the downstream direction of the surface (m), y is the horizontal distance (m) from the slope center in the direction perpendicular to the downstream direction (the width function), H is the maximum elevation (m) difference defined by the surface, L is the total horizontal length of the hillslope (m), N is a profile curvature parameter, and ω is a plan curvature parameter. We allow the profile curvature (defined by N) to assume values less than, equal to, or greater than unity corresponding to convex, straight, and concave hillslopes, respectively.
DERIVATION OF TRAVEL TIME RELATIONSHIP FOR DIFFERENT CURVATURES
In order to obtain the travel time relationship for the geometry of interest, all constituting elements should be obtained first. Equation (9) can be written as:
where η ¼ z=H is the normalized elevation. φ pl and φ pr are obtained by:
Therefore, φ g may be calculated by:
where B ξ (.) is the incomplete beta function of arguments (.).
It should be noted that Equation (13) generalizes Equation (8) to any distance from the top of the hillslope. Finally, the travel time can be obtained by:
FASTEST RESPONSE CURVE
In the previous section, we defined a function to describe the bed profile a priori. If the profile function is not predefined, unlimited curves can be drawn through two given points. Among these curves, there is one curve which is of the shortest travel time. This curve is called fastest response curve (FRC) in this paper. To derive the FRC, φ g has to be minimized. Towards this aim, the differential equation of
Euler-Lagrange can be used (Elsgolts ):
where generally f ¼ f ξ, η, η 0 ð Þand in this case:
After substituting and simplifying, the function of FRC can be easily obtained:
where
RESULTS
In order to evaluate the effect of both the type and the degree of profile curvature on the travel time, the travel time of the planes of different curvatures, Equation (14), are divided by that of the equivalent parallel straight planes (t e /t eStraight ). This ratio can be expressed as a function of normalized distance. The travel time for straight planes can be obtained by substituting N ¼ 1 in Equation (14) as follows:
Therefore: the convex plane is always more than that of the straight hillslopes. Moreover, t e /t eStraight at the bottom of the slope decreases as the profile curvature parameter increases from 1 to 1.3, although the trend is reversed for the profile curvatures more than 1.3 so that at N ¼ 1.6, the travel time of the curved plane becomes more than that of the straight plane. For profile curvatures more than 1.6, the ratio continues to increase. This irregular trend can be justified in that the general travel time relation (Equation (7)) is based on two factors: the slope φ pr and the drainage area φ pl . In fact, these two factors cause the mass of water to accelerate on the plane. In contrast to convex planes, these two factors act in opposite directions along the plane in concave planes. Indeed, while the drainage area increases down the concave plane, the slope decreases. The ultimate trend is influenced by the conjunctive effect of the two factors. In concave hillslopes with profile curvatures more than 1.6, there is a point of inflection at the middle of the plane where the effect of slope overcomes that of the drainage area. At such point, the travel time for concave plane begins to exceed that of the straight plane. It should be noted that φ pl ξ ð Þ is independent of the profile curvature parameter (N ) (Equation (11)). Therefore, the effect of drainage area remains constant as the degree of curvature increases in concave planes. While the effect of drainage area is constant, the effect of slope, φ pr ξ ð Þ, varies (Equation (12)).
It is worth noting that in Figure 3 , in contrast to the curves corresponding to m ¼ 5/3 and m ¼ 2, the curve related to m ¼ 3 monotonically decreases with the profile curvature parameter.
The powers (β) of FRCs, described in the previous section, for various flow regimes are illustrated in Table 1 . • KW equations govern the overland flow.
• At any time the rate of change of the discharge per unit width with distance down the plane is constant and equal to the outflow rate at the bottom of the plane (an approximation known as Rose's hypothesis). model and φ s is a dimensionless parameter, the so-called shape factor. φ s may be derived as follows: Table 1 . The equations in this table hold until the steady state is reached t t e ð Þ. On the other hand, Table 1 equations may be used to derive the rising limb of the hydrograph at the bottom of a plane subject to a rainfall of very long duration. For ease of understanding, the equations related to the parallel plane are shown in Table 1 , where and L e t ð Þ is the length of the portion of the plane which reaches equilibrium until the time t. It can be easily inferred Table 3 , the second assumption of Agnese et al.
this assumption forces all points on the flow path to reach steady state at the same time.
At this stage, in order to gain insight into the difference between the two models, the effect of the profile curvature using the equilibrium time model presented by Agnese et al. () is also investigated. Assuming that the plane is defined by Equations (10) and (21) yields:
where Hypergeometric2F1(.) is the Gauss hypergeometric function of arguments (.), and:
The ratio of t eag to t e may be simplified by:
Assuming that m ¼ 5/3, the value of t eag /t e for various profile curvatures are listed in Table 4 . It should be noted that for all hillslopes, the mean slopes S À Á are the same.
It is concluded that, in general, the travel time obtained
by Equation (23) is more than that of Equation (17 (). Overton's formula which is basically the same as Akan () formula can be expressed as follows:
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where t c is the time of concentration, N is the number of planes, k represents the kth plane under consideration in the direction of flow for calculating the equilibrium outflow of the jth plane, and L k ¼ length of kth plane. We tried to compare the results from Equation (26) with those from Equation (14). However, it was observed that Equation (26) is strongly sensitive to the selected number of planes when applied to the curved parallel hillslopes defined by Equation (9). Therefore, it is not possible to obtain a general result using Equation (26) words, if the value of profile curvature parameters of convex and concave slopes is known, then the plane of the longer/ shorter travel time can be identified.
Moreover, t e /t eStraight for convex hillslopes is always greater than unity and decreases as the degree of profile curvature increases so that for the convex hillslope with N ¼ 1.5, the travel time is more than that of the straight hillslope by 12%. In contrast, the variation of travel time with the degree of curvature is not consistent for concave hillslopes, in that at small degrees of curvature the t e /t eStraight decreases as N increases from 1 to 1.3 (at N ¼ 1.3 the ratio reaches 98%).
However, for N greater than 1.3 the trend is reversed and t e /t eStraight increases as the degree of curvature increases.
At N ¼ 2, the travel time of concave hillslopes becomes longer than that of the straight hillslopes and t e /t eStraight 
